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Abstract 
The time course of changes in mitochondrial energy metabolism during liver regeneration, following partial hepatectomy, is analyzed. 
For 24 h after surgical operation, a lag phase in the time course of the growth of liver is observed. In this period mitochondria showed a 
decrease of: (1) the respiratory control index; (2) the rate of oxidative phosphorylation; (3) the amount of immunodetected /3-Fj and 
F01-PVP subunits of FoFt-ATP synthase. No decrease, but instead a small increase in the content of mRNA for/3-F rwas observed in this 
phase. After this lag phase the growth of liver started, the content of mRNA for /3F~, as well as the level of immunodetected 
mitochondrial /3-F 1 and F o 1-PVP subunits, increased and oxidative phophorylation recovered. Analysis of the relative/3 F 1 protein/mRNA 
ratio indicates a decrease of /3 F~ translational efficiency which remained low up to 72 h after partial hepatectomy and reached the same 
ratio of control at 96 h. It is concluded that the regenerating capability of rat liver is correlated with the efficiency of oxidative 
phosphorylation. 
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1. Introduction 
After surgical removal or chemical damage to a portion 
of the liver, a complex process, known as liver regenera- 
tion, starts leading to hyperplasia of remaining hepatocytes 
and hypertrophy of the remaining portion of the liver [1]. 
Despite many studies carried out in the recent years, the 
detailed nature of the factors and the mechanisms that 
trigger or modulate this phenomenon remain to be clari- 
fied. 
Several hormones [2,3] and growth factors [2] appear to 
be essential to liver regeneration. In addition, the capabil- 
ity of liver to regenerate is influenced by: age [3-6], the 
Abbreviations: Ft, catalytic part of mitochondrial FoFt-ATP synthase; 
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physiopathological [7-9] and nutritional state of the organ- 
ism [t0-12]. There are indications that changes in cellular 
energy metabolism are associated with the early phase of 
liver regeneration [ 13,14]. During the regenerative process, 
the demand of cellular energy for the biosynthesis of 
cellular components i increased [ 10-12,15,16]. In normal 
conditions, cellular energy is mainly supplied by the mito- 
chondrial oxidative phosphorylation [17,18] whose key 
enzyme is the mitochondrial FoF~-ATPsynthase of inner 
mitochondrial membrane [ 17]. 
The aim of this paper is the analysis of the correlation 
between rat liver regeneration and mitochondrial oxidative 
phosphorylation. For this purpose the time course of 
changes of various parameters of mitochondrial oxidative 
phosphorylation during liver regeneration has been anal- 
ysed in liver mitochondria prepared from partial hepatec- 
tomized rats. The molecular basis of changes in activity of 
mitochondrial FoF~-ATPsynthase have been investigated 
by measuring, at different imes after partial hepatectomy, 
the changes in the level of /3-F~ subunit and its mRNA. 
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2. Materials and methods 2.2. Electrophoresis and immunoblotting procedures 
Hexokinase, glucose 6 P dehydrogenase, Ap5A, NADP, 
and ADP were obtained from Boehringer; SDS, goat anti- 
rabbit IgG labeled with horseradish peroxidase, horseradish 
peroxidase color development reagent, molecular mass 
standards and agarose from Bio-Rad; nitrocellulose mem- 
branes (0.45 /xm pore size) from Schleicher and Schiill; 
[a -32 P]ATP (spec. act. 3000 Ci/mmol) from Amersham. 
Human G3PDH probe was obtained by Clontech. The 
rat-cDNA probe for/3-F l subunit was a generous gift from 
Prof. P.L. Pedersen (The J. Hopkins University, Baltimore, 
USA). All other chemicals were of high purity grade. 
SDS polyacrylamide gel electrophoresis of mito- 
chondria (50 /zg protein) was performed on slab gels with 
a linear gradient of polyacrylamide (15-20%) [20]. SDS 
gels were subjected to immunoblot analyses using poly- 
clonal antibodies against bovine Fj [20], (which cross-react 
with the /3 subunit of liver complex [21]) or bovine 
F 0 I-PVP protein [6]. Nitrocellulose sheets were scanned at 
590 nm with a CAMAG TLC Scanner. The quantity of 
antigen detected was evaluated from the computed peak 
areas and expressed in arbitrary units. 
2.3. Northern blot hybridization 
2.1. Partial hepatectomy 
3-month-old male Wistar rats, purchased by Stefano 
Morini (Italy), were anaesthetized with ether/oxygen and 
the median and left lateral obes of the liver (correspond- 
ing to 65-75% net weight of the whole liver) were excised 
[6]. The rats, kept on a normal diet for the time reported in 
the legends to the figures, were sacrificed by decapitation, 
and the regenerated liver was used to prepare the mito- 
chondria [19]. All operations were carried out under sterile 
conditions. To prepare control liver mitochondria, sham- 
operated rats were anaestetized without excision of the 
liver and liver mitochondria were prepared at the time 
reported for rats subjected to liver regeneration. No signifi- 
cant differences in FoF1-ATP synthase activities and in 
respiratory control index (R.C.I.) were observed in mito- 
chondria prepared from sham-operated rats in respect of 
mitochondria obtained from the removed median and left 
lateral obes during the partial hepatectomy. 
For Northern blot hybridization, total RNA, extracted 
from 250 mg of rat liver tissue as described in [22], was 
separated on a 1.1% formaldeyde agarose gel [23], trans- 
ferred to a nylon filter and hybridized as described in [24] 
to cDNA probes, labelled by random priming [23]. After 
autoradiography, the intensity of the bands corresponding 
to the hybrids was determined by densitometry (using a 
LKB laser densitometer quipped with a Gel Scan XL 
Software Package). 
2.4. Assays 
Respiratory rate was measured following 02 uptake by 
succinate (20 mM, pH 7.4) supplemented mitochondria 
(500/xg protein, ml-~ ) [with a Clark oxygen electrode] in 
1 ml of the buffer described in [6]. 
The rate of ATP synthesis was measured on mitochon- 
drial suspension (500 #g protein, ml - j )  as described in 
Ref. [25]. 
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Fig. 1. Time course of recovery of liver mass (A) and of respiratory control index (B) after partial hepatectomy. The mass of the liver is expressed as a 
percentage of the weight of the liver of sham-operated rats (12.3 _+ 1 g). The respiratory control index was the ratio between the rate of oxygen 
consumption of succinate-supplemented mitochondria n state III and the rate in state IV (see Ref. [6]). The figures reported are the means ( + S.E.M.) of 5 
experiments. 
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Fig. 2. Linear relationship between recovery of respiratory rate in state III 
and recovery of liver weight during the replicative phase of liver regener- 
ation. Both the weight and the respiratory rate were expressed as a 
percentage of the control values which were 12.3_+ 1 g and 140+ 11 ng 
atom O 2 -min - l -mg mitochondrial protein-I respectively. The figures 
reported refer to the values observed at 24 (• ) ,  48 ([])  and 72 h (O)  
after partial hepatectomy. 
3. Resu l ts  
The time course of recovery in the total mass of regen- 
erating liver, after partial hepatectomy, exhibited a lag 
phase of about 24 h (Fig. 1A). After the lag phase, 
recovery in the weight of liver took place. During the lag 
phase a decrease of mitochondrial respiratory control index 
(P < 0.01 versus control value), which is essentially due to 
decrease of respiratory rate in coupled state III (not shown, 
see also Ref. 6), took place (Fig. 1B). The recovery of the 
liver mass was associated to the recovery of R.C.I. No 
change in the course of regeneration was, on the other 
hand, observed for state III respiration in the presence of 
the uncoupler CCP [6]. During the replicative phase of 
liver regeneration, the recovery of the liver mass was 
linearly related to the recovery of the respiratory rate of 
succinate supplemented mitochondria in coupled state III, 
(Fig. 2). The changes in R.C.I. could represent changes in 
the activity of oxidative phosphorylation, Direct measure- 
ments of the rate of ATP synthesis in succinate supple- 
mented mitochondria showed, during liver regeneration, a 
pattern similar to that of R.C.I. (cf. Fig. 3A and Fig. 1B). 
Immunoblot analysis, using antibodies against bovine /~-F~ 
subunit (inset Fig. 3B) and bovine F01-PVP protein [6], 
showed that the content of the subunits in mitochondria 
decreased uring the first 24 h after partial hepatectomy 
(P < 0.05 versus control value), then started to rise reach- 
ing the control level 72-96 h after partial hepatectomy 
(Fig. 3B). It can be noted that the decrease of F01-PVP 
protein (about 30%) was less than the decrease of /3-Fj 
content (about 60%). 
In order to see whether the changes in the /3-F, content 
were associated with corresponding variation in the mRNA 
level, we followed the content of /3-F~ mRNA during rat 
liver regeneration. Similar RNA amounts, extracted from 
250 mg of liver tissue, at different times after partial 
hepatectomy, were blot-hybridized with a radioactive rat- 
/3-Fj probe [26] (Fig. 4A). To ensure that equal amounts of 
RNA were loaded on the gels, after the first hybridization 
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Fig. 3. Time course of changes in the rate of ATP synthesis (A) and content of immunodetected ATP synthase subunits (B) in mitochondria during liver 
regeneration. Rate of ATP synthesis (A) and content of immunodetected subunits (B) were determined as described under Section 2. Inset shows a typical 
immunoblot of/3-F= during liver regeneration. Semiquantitative analysis of immunoblots was carried out by densitometry and the area peak of the control 
was taken as 100%. The figures reported are the means (_+S.E.M.) of 5 experiments. Panel B: [] relative mitochondrial content of /3Fi; • relative 
mitochondrila content of F 0 I-PVP protein. 
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Fig. 4. Northern blot hybridization of total RNA to mRNA probes 
specific for /3F I and G3PDH. Panel A: representative autoradiogram 
showing the hybridization to total liver RNA, extracted at different imes 
after partial hepatectomy, of cDNA for/3-F I and G3PDH. In panel B the 
ratios between the area peaks corresponding to the /3-F I and to G3PDH, 
at various times after partial hepatectomy, are reported. The values shown 
in panel B are the mean + S.E.M. of 5 experiments. 
the filters were stripped and hybridized to a radioactive 
human-G3PDH probe, whose mRNA content does not 
change during liver regeneration [27]. 
A representative experiment and the summary of the 
results are shown in Fig. 4. It can be seen that at 24 h after 
partial hepatectomy, when the largest decrease in immun- 
odetected /3 F~ polypeptide was observed, the mRNA for 
/3F~ did not decrease rather it showed a small increase. 
The increase in mRNA for/3 F 1 continued reaching a peak 
at 72 h after the partial hepatectomy (Fig. 4B). 
Fig. 5A shows the time course of the ratio between 
immunodetected /3F~ polypeptide (see Fig. 3B) and its 
mRNA (Fig. 4B) after partial hepatectomy. This ratio 
decreased to 40% of the initial value 24 h after partial 
hepatectomy. It remained low in the period 24-72 h, when 
both the /3F~ mRNA and the amount of mitochondrial 
immunodetected protein increased with a linear relation- 
ship (Fig. 5B). Finally the ratio increased reaching again 
(at 96 h) the control value. 
4. Discussion 
Surgical treatment of liver tumours, cysts and liver 
injuries is, at present, very often carried out by partial 
hepatectomy. This is followed by liver regeneration and 
restoration of liver functions [3,12,16]. The substrate for 
energy supply is important in this process. Apparently in 
the acute phase, which follows hepatectomy, glucose is 
preferentially used by the surviving liver, as shown by the 
decrease of hepatic glycogen and of the blood glucose 
level observed 24 h after partial hepatectomy [10,11]. In 
the early phase of liver regeneration, characterized bya lag 
in the growth of the liver, a decrease of oxidative phospho- 
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Fig. 5. Time course of the ratio between immunodetected /3 F I polypeptide and its mRNA after partial hepatectomy (A) and linear relationship between 
increase of both immunodetected /3 F~ polypeptide and its mRNA during the replicative phase of liver regeneration (B). Figures are obtained from the data 
of Fig. 3B for /3F I polypeptide and Fig. 4B for mRNA, considering the control value as 100%. 
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rylation occurs (Figs. 1 and 2). The decrease in oxidative 
phosphorylation is not due to decrease of activity and/or 
content of respiratory complexes (no more than 10% de- 
crease was reported to occur in the first 24 h after partial 
hepatectomy [15]) but it is associated with decrease of 
immunodetected amount in mitochondria of both F 01 PVP 
protein and the catalytic /3-F~ subunit of FoF~-ATP syn- 
thase. The latter is not due to decrease in the transcription 
of the gene coding for this protein, since the level of its 
mRNA slightly increased uring this phase. 
This phase of liver regeneration is followed by a second 
phase characterized by active cell division [1] and DNA 
accumulation [4]. In this second step, the recovery of liver 
mass is directly related to the recovery of coupled state III 
respiratory rate, which is an index of mitochondrial oxida- 
tive phosphorylation. This relationship suggests that the 
energy source for the recovery of liver mass is essentially 
the ATP obtained by the aerobic oxidative phosphoryla- 
tion. In this second phase of liver regeneration, both the 
rate of mitochondrial ATP synthesis and the mitochondrial 
level of immunodetected /3-F~ started to rise with the same 
pattern. On the other hand the /3-F~ mRNA level, that at 
24 h after surgery was already higher than in the control, 
continued to rise up to 72 h, then it started to decrease so 
as to approach the control value at 96 h. 
The observed decrease of immunodetected /3-F~ in 
mitocbondria, during the early phase of liver regeneration, 
could be related to alteration of the turnover of the protein 
associated either to a block in the translation process or to 
the enhanced proteolytic breakdown of the protein. Indica- 
tions on the relative translational efficiency can be ob- 
tained by relating the level of immunodetected /3F 1 
polypeptide to that of its mRNA. At 24 h after hepatec- 
tomy, the translational efficiency decreased (Fig. 5A), then 
in the period between 24 h and 72 h, in which both the 
immunodetected ¢3F~ protein and its mRNA increased 
with a linear relationship, the relative translational effi- 
ciency remained low. Finally at 96 h, the relative transla- 
tional efficiency increased as the level of both protein and 
mRNA were again equal to control levels. These data may 
be explained assuming that the /3F~ mRNA synthesized 
after hepatectomy is subjected to some form of transla- 
tional control. In fact, although the regulation of expres- 
sion of mammalian uclear-coded mitochondrial proteins 
involved in the bioenergetic function of the organelle has 
been mostly described at transcriptional level [28-31], 
there are indications uggesting the existence of additional 
translational levels of regulation of the expression of these 
genes [26,32,33]. Data similar to those shown here have 
been reported by Luis et al. [32] who studied mitochondrial 
biogenesis during the postnatal development in rat liver. 
The accumulation of /3F~ ATP-synthase mRNA in foetal 
and neonatal liver, in 5- to 6-fold excess compared to the 
adult, was opposed to the translational efficiency which 
was at least one order of magnitude lower than in the 
adult. This explanation does not exclude that, during the 
first phase of liver regeneration, an increased proteolytic 
breakdown of the protein also takes place. Direct evalua- 
tion of these hypotheses will need the measurement of the 
translational ctivity of/3-Ft ATP-synthase mRNA and of 
the activity of mitochondrial proteases [34] which are 
already in progress in our laboratory. 
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